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Platinum  nanoparticles  supported  on  Vulcan  XC-72R  prepared  by  a  surfactant-stabilized  colloidal  method 
exhibit  excellent  properties  as  an  anode  catalyst  for  a  low-temperature  fuel  cell.  A  Pt/C  catalyst  prepared 
with  a  10-fold  critical  micelle  concentration  of  mixed  non-ionic  surfactants  [polyoxyethylene  (23)  lau- 
ryl  ether  +  polyoxyethylene  (20)  sorbitan  monolaurate  (Brij  35+ Tween  20)]  shows  the  highest  catalytic 
activity  and  the  greatest  electrochemical  surface-active  area  among  those  prepared.  The  maximum  cur¬ 
rent  density  of  this  catalyst  is  much  higher  than  that  of  a  commercial  Pt/C  catalyst  (E-TEK).  Moreover,  X-ray 
diffraction  and  transmission  electron  microscopy  analyses  reveal  that  Pt/C  prepared  with  Brij  35  +  Tween 
20  has  an  average  particle  size  of  2.4  nm  with  quite  a  narrow  distribution  between  2  and  3  nm,  which  is  the 
smallest  among  all  the  catalysts  prepared.  This  is  attributed  to  the  formation  of  more  compact  micelles. 
Mixtures  of  non-ionic  and  anionic  surfactants  result  in  less  compact  micelles. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  attractive  for  electric  power  generation,  portable 
power  and  electric  vehicle  applications  owing  to  their  high  effi¬ 
ciency  and  low  pollutant  emissions  [1].  These  systems  are  usually 
classified  as  low-  or  high-temperature  fuel  cells  according  to  their 
operating  temperature.  Low-temperature  fuel  cells  operating  at 
60-100  °C  include  proton-exchange  membrane  fuel  cells  (PEMFCs) 
and  direct  methanol  fuel  cells  (DMFCs).  Despite  advantages  such  as 
low  operating  temperature  and  high  specific  energy,  many  obsta¬ 
cles  have  to  be  overcome  to  realize  commercial  applications  [2-5]. 

The  best  electrocatalyst  identified  so  far  for  low-temperature 
fuel  cell  is  Pt  metal  on  carbon.  Platinum  is  expensive,  however, 
so  its  loading  must  be  minimized  without  weakening  the  cat¬ 
alytic  activity.  Thus,  there  has  been  great  focus  on  synthesizing 
Pt  nanoparticles  on  carbon  to  maximize  surface  availability  and 
improve  catalytic  activity  [6-20].  Synthesis  methods  include  col¬ 
loidal  [9-11]  and  electrochemical  methods  [12],  alcohol  reduction 
[13,14],  reverse  micellization  [15-17],  photoreduction  [18],  and 
metal-organic  chemical  vapour  deposition  [19].  It  is  difficult  to 
control  the  particle  size  in  most  of  these  methods,  whereas  the 
surfactant-stabilized  colloidal  method  is  suggested  to  show  better 
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control  [21,22].  Platinum  colloid  systems  comprised  of  a  metallic 
core  and  a  surfactant  shell  have  been  investigated  [22].  This  method 
[9-11  ]  has  been  widely  used  in  the  preparation  of  metal  colloids  for 
homogeneous  catalysis,  whereby  well-dispersed  nanometal  col¬ 
loids  can  be  formed  and  stabilized  in  aqueous  solution  in  the 
presence  of  a  surfactant  via  a  steric  mechanism  [23,24].  Fig.  1 
illustrates  the  general  scheme  for  surfactant  stabilization  in  the 
preparation  of  metal  nanoparticles  deposited  on  carbon.  The  pro¬ 
cess  involves:  (i)  synthesizing  surfactant-stabilized  Pt  colloids  as  a 
core-shell  structure;  (ii)  depositing  surfactant-stabilized  Pt  colloids 
on  a  carbon  support;  and  (iii)  removing  the  surfactant  by  washing 
to  yield  well-dispersed  Pt  particles  on  the  carbon  support.  Using 
a  single  surfactant  typically  results  in  Pt  nanoparticles  of  3-5  nm 
size  with  moderate  dispersion  of  Pt  on  carbon  [22].  Therefore,  it  is 
necessary  to  explore  more  effective  methods  for  preparing  smaller 
Pt  nanoparticles  on  carbon  with  better  dispersion.  One  promising 
alternative  is  mixed  binary  surfactants,  which  show  unique  interfa¬ 
cial  and  micellization  behaviour  [25].  While  single  surfactants  have 
been  extensively  investigated,  few  studies  have  considered  mixed 
surfactant  systems  for  the  preparation  of  Pt  metal  colloids,  to  the 
best  of  our  knowledge. 

Platinum  metal  colloids  obtained  by  chemical  reduction  of  their 
salts  in  solution  can  be  stabilized  by  suitable  surfactants  as  a 
core-shell  structure  to  prevent  aggregation  of  the  metal  nanopar¬ 
ticles  [21,22].  Catalysts  of  metal  nanoparticles  with  a  narrow 
size-distribution  have  also  been  obtained  by  the  colloidal  method 
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Fig.  1.  Schematic  illustration  of  colloidal  method  to  prepare  Pt/C  catalysts. 


[21,22].  Micelles  usually  form  above  a  certain  surfactant  concen¬ 
tration  -  the  critical  micelle  concentration  (CMC)  [26]  -  which 
determines  the  concentration  of  micelles  available  for  metallic  par¬ 
ticle  nucleation.  In  addition,  micelle  shape  is  influenced  by  various 
factors,  including  the  surfactant  concentration  and  type,  the  choice 
of  solution,  and  environmental  conditions  such  as  the  hydrophobic 
volume,  chain  length,  head  group  area,  etc.  [26].  The  mechanisms 
responsible  for  micelle  dispersion  in  solution  are  divided  into  three 
classes,  namely:  electrostatic  stabilization,  steric  stabilization,  and 
electrostatic-steric  stabilization.  For  colloids  of  metal  particles,  sta¬ 
bilization  has  been  attributed  to  the  interaction  of  repulsion  and 
attraction  forces  among  the  particles  [23,24]. 

The  objective  of  this  study  is  to  prepare  well-dispersed  Pt 
nanoparticles  to  enhance  the  performance  of  low-temperature 
fuel  cell.  Platinum  nanoparticles  are  prepared  on  carbon  by  a 
colloidal  method  using  mixed  binary  surfactants  and  are  then  eval¬ 
uated  for  methanol  oxidation.  The  Pt  precursor  exhibits  almost 
complete  loading  on  the  carbon  with  excellent  dispersion  when 
mixed  binary  surfactants  at  a  concentration  of  ten  times  the  CMC 
(or  10 x  CMC)  are  employed.  Samples  are  characterized  using 
high-resolution  transmission  electron  microscopy  (HR-TEM),  X-ray 
diffraction  (XRD),  H2  adsorption/desorption  measurements,  and 
chronoamperograms. 

2.  Experimental 

2.1.  Pt/C  electrocatalysts 

The  Pt/C  catalysts  were  synthesized  by  a  colloidal  method 
using  mixed  binary  surfactants.  The  loading  amount  of  Pt  metal 
in  the  experimental  and  commercial  (E-TEK)  catalysts  was  fixed  at 
20  wt.%.  Polyoxyethylene  (23)  lauryl  ether  (Brij  35,  Sigma-Aldrich) 
and  polyoxyethylene  (20)  sorbitan  monolaurate  (Tween  20,  Sam- 
chun  Chemicals)  were  used  as  non-ionic  surfactants,  and  sodium 
dodecyl  sulfate  (SDS,  Acors  Organics)  as  an  anionic  surfactant, 
to  stabilize  the  preparation  of  Pt  metal  colloids.  Chloroplatinic 
acid  (H2PtCl6*6H20,  Acros  Organics)  was  used  as  the  Pt  precur¬ 
sor. 

To  prepare  the  catalysts,  0.066  g  (1.60  x  10-4  mol)  H2PtCl6-6H20 
was  added  to  100  ml  deionized  water  containing  9.20  x  10-5  mol 
Brij  35  and  8.04  x  10-5  mol  Tween  20.  Under  vigorous  stirring, 
0.01  g  (2.64  x  10-4  mol)  sodium  borohydride  (NaBH4,  Junsei),  a 
strong  liquid-phase  reducing  agent,  in  50  ml  of  deionized  water 
was  injected  into  the  metal  salt  solution  in  a  drop-wise  manner 
at  1  ml  min-1  using  a  50  ml  syringe.  The  colour  of  the  solution 
changed  immediately  to  black  after  the  addition  of  the  reducing 
agent  [27,28]  and  resulted  in  the  formation  of  nano-sized  and  well- 
dispersed,  surfactant-stabilized,  Pt  colloids.  Then  0.1  g  of  carbon 
black  powder  (Vulcan  XC-72R,  Cabot  Co.),  which  was  pretreated 


with  60%  nitric  acid  at  its  boiling  point  (140  °C)  [29,30],  was  dis¬ 
persed  in  methanol  and  then  added  to  the  surfactant-stabilized 
colloidal  metal  solution.  After  stirring  for  6  h,  the  resultant  suspen¬ 
sion  was  filtered  and  washed  with  ethanol  and  hot  distilled  water 
(about  80  °C)  to  remove  completely  residual  chloride  and  surfac¬ 
tant,  which  negatively  affect  the  catalytic  activity.  The  remaining 
powder  was  dried  overnight  in  a  vacuum  oven  at  room  tempera¬ 
ture. 

2.2.  Physical  characterization 

The  surface  morphology  of  Pt  nanoparticles  on  the  surface  of 
carbon  black  was  studied  by  HR-TEM  (JEM-3010,  JEOL)  at  300  kV. 
The  catalyst  was  dispersed  in  ethanol  by  ultrasonication,  and  TEM 
samples  were  prepared  by  placing  a  drop  of  the  suspension  on  a 
copper  grid  covered  with  a  carbon  film  followed  by  evaporation  of 
the  ethanol.  Particle-size  distribution  of  the  Pt  nanoparticles  on 
carbon  was  obtained  by  measuring  the  sizes  of  150  Pt  particles 
inside  a  TEM  image.  Structural  characteristics  of  the  powders  were 
investigated  by  XRD  (D8  ADVANCE,  Bruker)  using  Cu  Ka  radiation. 
The  working  voltage  and  current  were  maintained  at  40  kV  and 
30  mA,  respectively.  The  range  20  =  20-80°  was  scanned  at  a  rate 
of  2°  min-1.  TG-DSC  measurements  were  conducted  on  a  thermal 
analyzer  (SDT  Q-600,  TA  Instruments)  at  30-800  °C  with  an  air  flow 
of  100  ml  min-1  and  using  an  alumina  sample  pan. 

2.3.  Electrochemical  activity 

Electrochemical  measurements  were  carried  out  in  a  half-cell 
test  using  a  potentiostat  (PC4/750,  Gamry  Instruments).  The  cata¬ 
lyst  ink  was  prepared  by  mixing  catalyst  particles  with  5%  Nafion® 
solution  (ratio  of  3:1;  1100  EW,  Du  Pont)  and  isopropyl  alcohol 
by  ultrasonication  for  30  min.  A  glassy  carbon  (GC)  disc  electrode 
(MF-2012,  BAS;  0  6mm)  was  polished  to  a  mirror  finish  with 
a  0.05  |jim-sized  7-alumina  suspension  (40-6301-016,  Buehler) 
before  each  experiment  and  was  used  as  the  substrate.  A  drop  of 
catalyst  ink  was  pipetted  on  to  the  surface  of  the  GC  disk  elec¬ 
trode  and  dried  at  room  temperature.  Each  electrode  was  installed 
in  a  three-electrode  cell  with  a  platinum  mesh  electrode  (219810, 
Princeton  Applied  Research)  as  the  counter-electrode  and  a  KCl  sat¬ 
urated  Ag|AgCl  electrode  (MF-2052,  Bioanalytical  Systems)  as  the 
reference  electrode,  which  was  located  as  close  as  possible  to  the 
working  electrode.  The  cell  was  filled  with  electrolyte  and  purged 
with  N2  to  remove  dissolved  oxygen.  All  potentials  were  recorded 
with  respect  to  the  standard  hydrogen  electrode  (SHE).  Before  elec¬ 
trochemical  measurements,  a  set  of  potential  cycles  [(between 
+0  and  1.2  V  (vs.  SHE)  at  100  mV  s-1)]  were  applied  to  the  elec¬ 
trode  for  surface  cleaning  and  to  obtain  an  active  electrochemical 
surface. 
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3.  Results  and  discussion 

3.1  Preparation  and  physical  characterization 

The  Pt/C  catalysts  are  synthesized  by  a  colloidal  method  with 
borohydride  reduction  in  aqueous  solution  containing  mixed 
binary  surfactants  as,  shown  in  Fig.  1.  In  this  colloidal  method, 
chemical  reduction  of  the  Pt  precursor  to  a  metallic  Pt  colloid  pro¬ 
ceeds  rapidly  on  the  addition  of  NaBH4  solution,  and  is  clearly 
observed  by  the  colour  change  of  the  precursor  solution.  Surfactant- 
stabilized  Pt  colloids  can  be  formed  and  stabilized  in  aqueous 
solution  containing  the  mixed  binary  surfactants  [31  ].  The  stabiliza¬ 
tion  mechanism  of  mixed  binary  surfactants  in  aqueous  solution  is 
related  to  a  steric  effect  with  the  hydrophobic  tail  of  the  surfactant 
orienting  towards  the  Pt  particles  and  the  hydrophilic  head  pointing 
towards  the  aqueous  solution.  The  Pt  colloids  can  be  immobilized 
on  to  the  hydrophilic  carbon  surface  since  the  hydrophilic  parts 
of  the  Pt  colloids  are  strongly  attached  to  the  hydrophilic  surface 
of  the  pretreated  carbon.  Treatment  of  carbon  black  with  boiling 
nitric  acid  is  known  to  increase  the  hydrophilicity  [29,30].  Finally, 
an  outstanding  dispersion  of  the  Pt  particles  is  obtained  on  the  car¬ 
bon  support  through  the  washing  procedures  described  in  Section 
2. 

Three  combinations  of  surfactants  are  employed  in  this  study: 
Brij  35  + Tween  20,  Brij  35  +  SDS,  and  Tween  20  +  SDS  (named  as 
B  +  T,  B  +  S,  and  T  +  S,  respectively).  These  surfactants  have  identi¬ 
cal  hydrophobic  tails  of  12  methylene  groups,  but  different  types 
and  sizes  of  hydrophilic  head  groups.  The  chemical  formulae  of  the 
surfactants  are  listed  in  Table  1.  The  CMC  values  of  Brij  35,  Tween 
20  and  SDS  are  9.20  x  10-5,  8.04  x  lO”5  and  8.40  x  10“3  molL”1, 
respectively  [32].  According  to  Tamizhmani  et  al.  [32],  the  CMC  of 
a  mixed  binary  surfactant,  CMCm,  can  be  calculated  as: 

1  _  a  1  -  a 

CMCm  “  CMC*  +  CMCy 

where  a  and  1  -  a  are  the  mole  fractions  of  surfactants  x  and  y  in  the 
mixture,  respectively.  CMC*  and  CMCy  are  the  CMC  values  for  pure 
surfactants  x  and  y.  CMCm  values  calculated  from  Eq.  (1)  for  B  +  T, 
B  +  S  and  T  +  S  are  8.58  x  10-5, 1.59  x  10“4  and  1.82  x  lO^molL-1, 
respectively. 

The  Pt/C  samples  prepared  with  mixed  binary  surfactants  at 
10  x  CMC  were  characterized  by  means  of  XRD  (Fig.  2).  The  diffrac¬ 
tion  peaks  at  39, 46, 68  and  81°  are  attributed  to  the  Pt(l  1  1),(2  0  0), 
(2  2  0)  and  (311)  crystalline  planes,  respectively,  which  correspond 
to  typical  Pt  crystals  with  a  face-centered  cubic  structure.  This 
demonstrates  that  the  platinum  precursor  is  successfully  reduced. 
The  broad  peak  near  20  =  25°  is  attributed  to  carbon  black.  Aver¬ 
age  crystallite  sizes  for  the  Pt/C  catalysts  are  obtained  from  the 
full  width  at  half-maximum  (FWHM)  and  the  angular  position  of 
the  Lorentzian-fitted  (111)  peak  using  Scherrer’s  equation  [33], 
as  summarized  in  Table  2.  The  Pt/C  samples  prepared  with  B  +  T, 
B  +  S,  and  T  +  S  have  crystallite  sizes  of  approximately  2.5,  4.7,  and 

7.2  nm,  respectively.  The  B  +  T  mixture  at  10  x  CMC  yields  the  small¬ 
est  Pt  particles.  Surfactant  concentration  strongly  influences  the  Pt 
particle  size  [34].  At  a  concentration  of  50 x  CMC,  mixed  binary 
surfactants  cause  serious  aggregation  of  Pt  particles,  which  results 
in  much  larger  metal  particles.  It  is  considered  that  this  is  due  to 


Table  1 

Chemical  formule  of  surfacatants 

Sample 

Formula 

Polyoxyethylene  (23)  lauryl  ether  (Brij  35) 
Polyoxyethylene  (20)  sorbitan  monolaurate  (Tween  20) 
Sodium  dodecyl  sulfate  (SDS) 

C12H25(CH2CH20)230H 

C5sHi4026 

Ci2H25Na04S 

Pt(l  11) 


Fig.  2.  X-ray  diffraction  patterns  of  Pt/C  catalysts  prepared  with  mixed  binary  sur¬ 
factants  (lOx  CMC)  and  of  a  commercial  Pt/C  (E-TEK). 


Table  2 

Comparison  of  particle  sizes  of  Pt/C  catalysts  prepared  with  10  x  CMC  of  mixed  binary 
surfactants  and  a  commercial  Pt/C  catalyst  (E-TEK) 


the  formation  of  cylindrical  micelles  caused  by  excess  surfactant, 
as  discussed  below. 

Different  CMC  values  of  surfactants  can  be  explained  by  the  role 
of  the  surfactant  during  Pt  reduction.  As  the  surfactant  concen¬ 
tration  increases,  spherical  micelles  are  converted  to  cylindrical 
micelles  (Fig.  3).  Fig.  4a  shows  the  particle  size  and  dispersion  for 
the  Pt/C  sample  prepared  with  B  +  T  at  10  x  CMC.  The  majority  of  the 
Pt  particles  are  in  the  range  2-3  nm,  with  a  narrow  particle-size  dis¬ 
tribution.  As  shown  in  a  FIR-TEM  image  (Fig.  4b),  Pt  nanoparticles 
are  dispersed  mainly  on  the  surface  of  each  grain  of  the  carbon 
support.  The  particle-size  distribution  of  the  Pt  nanoparticles  on 
carbon  is  obtained  by  directly  measuring  the  sizes  of  150  randomly 
chosen  particles  in  Fig.  4a.  The  result  is  illustrated  in  Fig.  4c.  The  Pt 
nanoparticles  are  in  the  range  of  1  -4  nm  with  a  relatively  narrow 
particle  size-distribution  between  2  and  3  nm  and  an  average  size 
of  2.4  nm.  When  mixed  binary  surfactants  at  5x  CMC  are  applied, 
high  dispersion  is  obtained  (data  not  shown),  but  not  at  10x  CMC. 


Cylindrical  micelle 

Fig.  3.  Phase  transition  of  micelle  structures  with  different  CMC. 
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Fig.  4.  (a)  TEM  image,  (b)  enlarged  HR-TEM  image  and  (c)  particle-size  distribution  of  Pt/C  catalyst  prepared  with  lOx  CMC  of  B  +  T. 


When  the  concentration  is  increased  to  50  x  CMC,  severe  aggrega¬ 
tion  of  Pt  nanoparticles  occurs,  as  witnessed  in  Fig.  5a.  At  10  x  CMC, 
Pt  nanoparticles  are  surrounded  by  surfactants  to  form  spherical 
micelles,  which  inhibit  aggregation  (Fig.  4b).  When  the  surfactant 
concentration  becomes  too  high,  spherical  micelles  are  converted 
to  cylindrical  micelles  and  form  tubular-shaped  Pt  nanoparticles 
(Fig.  5b).  The  average  size  of  the  Pt  nanoparticles  is  estimated  from 
TEM  images  and  compared  with  the  average  XRD  crystallite  size  of 


Pt,  as  shown  in  Table  2.  The  average  TEM  particle  size  agrees  well 
with  the  average  crystallite  size  determined  from  broadening  of  the 
( 111 )  diffraction  peak,  which  implies  that  the  Pt  particles  are  mostly 
single-crystalline.  The  particle  size  of  the  Pt/C  catalyst  prepared 
with  the  mixed  non-ionic  surfactants  (B  +  T)  is  smaller  than  those 
of  the  catalysts  prepared  with  mixed  non-ionic  and  anionic  surfac¬ 
tants  (B  +  S,  T  +  S).  It  is  considered  that  this  is  due  to  the  formation  of 
more  compact  spherical  micelles  in  the  presence  of  B  +  T  instead  of 


Fig.  5.  (a)  TEM  image  and  (b)  enlarged  HR-TEM  image  of  Pt/C  catalyst  prepared  with  50  x  CMC  of  B  +  T. 
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Fig.  6.  TG-DSC  curves  of  Pt/C  catalyst  prepared  with  10 x  CMC  of  B  +  T:  (a)  with 
washing;  (b)  without  washing. 


B  +  S  and  T  +  S.  Since  repulsive  interaction  among  DS-  anions  would 
make  spherical  micelles  of  the  latter  two  less  compact,  as  discussed 
by  Ghosh  and  Moulik  [23],  catalyst  particles  prepared  with  the  B  +  S 
and  T  +  S  surfactant  mixtures  are  expected  to  be  larger  than  those 
prepared  with  the  B  +  T  surfactant. 

In  the  above  colloidal  method,  chemical  reduction  of  Pt  ions  to 
a  metallic  Pt  colloid  proceeds  rapidly  on  NaBH4  addition,  as  clearly 
observed  by  the  colour  change  of  the  precursor  solution  [27,28]. 
TG-DSC  analysis  is  used  to  check  for  complete  reduction  of  the  Pt 
precursor  and  the  complete  removal  of  surfactants.  Fig.  6a  shows 
the  TG-DSC  curve  of  the  20  wt.%  Pt/C  catalyst  after  washing  and  dry¬ 
ing.  The  strong  endothermic  reaction  with  significant  weight  loss 
starting  at  ~400°C  is  due  to  the  combustion  of  carbon.  The  com¬ 
bustion  is  complete  at  ~650°C  leaving  19.1  wt.%  components  as  a 
residue,  which  is  the  loading  of  Pt  metal.  It  is  clear  that  the  prepa¬ 
ration  method  results  in  complete  reduction  of  Pt  and  full  loading 
of  Pt  nanoparticles  on  the  carbon.  The  shoulder  of  the  weight  loss 
peak  at  600  °C  is  thought  to  correspond  to  different  states  of  car¬ 
bon.  No  other  weight  loss  peak  is  observed  and  therefore  suggests 
that  the  washing  and  drying  process  is  sufficient  to  remove  surfac¬ 
tants  and  inorganic  salts.  To  confirm  this  conclusion,  comparative 
TG-DSC  studies  were  carried  out  on  a  20  wt.%  Pt/C  sample  without 
washing  (Fig.  6b),  and  that  was  filtered  and  dried  in  a  vacuum  oven. 
Three  weight  loss  peaks  are  observed.  The  first  strong  endothermic 
peak  at  ~150°C  appears  to  correspond  to  the  Pt-catalyzed  oxida¬ 
tion  of  alcohols  formed  from  Pt-catalyzed  decomposition  of  the 
surfactant.  The  second  should  arise  from  oxidation  of  carbon.  The 
temperature  is,  however,  drastically  shifted  to  lower  values  com¬ 
pared  with  washed  Pt/C.  Consequently,  inorganic  salts  are  believed 
to  play  a  role  in  the  oxidation  reaction.  After  complete  oxidation, 
there  is  a  40  wt.%  residue  of  Pt  and  inorganic  salts. 
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Fig.  7.  Cyclic  voltammograms  of  H2  adsorption/desorption  on  Pt/C  prepared  with 
10  x  CMC  of  mixed  binary  surfactants  and  a  commercial  catalyst  (E-TEK)  in 
0.5  mol  L-1  H2SO4  at  25  °C  (scan  rate  =  20  mV  s-1)- 


3.2.  Electrochemical  measurements 

To  measure  FI2  adsorption/desorption  curves,  the  potential  was 
cycled  between  0  and  1.2  V  (vs.  SHE)  at  20mVs-1  in  0.5  mol  L-1 
H2SO4  purged  with  nitrogen  at  25  °C.  Adsorption  and  desorption 
curves  for  Pt/C  catalysts  prepared  with  mixed  binary  surfactants 
(10x  CMC)  are  shown  in  Fig.  7.  The  curves  are  stabilized  after  10 
cycles  in  the  potential  range.  The  catalysts  exhibit  well-defined  H2 
adsorption/desorption  peaks  in  the  potential  region  0-0.25  V  (vs. 
SHE)  and  adsorption/desorption  peaks  for  02  species  at  ~0.7  and 
1.0  V  (vs.  SHE),  these  are  in  good  agreement  with  literature  values 
[35,36].  The  electrochemically  active  surface  area  (EAS)  of  Pt/C  cat¬ 
alysts  is  estimated  using  the  integrated  charge  in  the  H2  desorption 
region  according  to  Gasteiger  et  al.  [37]: 

EAS  (m2  g-1 )  =  x  [Pt]  (2) 

where  Qh  (mC  cm-2 )  is  the  charge  exchanged  during  hydrogen  des¬ 
orption  on  the  Pt  surface,  [Pt]  (mg cm-2)  is  the  Pt  loading  on  the 
electrode,  and  0.21  is  the  charge  required  to  oxidize  a  monolayer  of 
hydrogen  on  the  Pt  surface. 

The  EAS  calculated  for  the  Pt/C  catalyst  prepared  with  10  x  CMC 
of  B  +  T  is  higher  than  those  for  the  catalysts  prepared  with  1 0  x  CMC 
of  B  +  S,  T  +  S  and  also  for  the  commercial  catalyst  (E-TEK)  (Table  3). 
This  indicates  that  the  high  EAS  value  is  due  to  the  presence  of  well- 
dispersed  Pt  nanoparticles  on  the  carbon  support,  as  witnessed  in 
TEM  images  (Fig.  4). 

Evaluation  of  the  catalysts  for  methanol  oxidation  is  carried  out 
by  using  an  electrolyte  comprised  of  a  mixed  solution  of  2  mol  L-1 
CH3OH  and  0.5  mol  L-1  H2S04  purged  with  nitrogen  at  40  °C.  The 
current  values  are  normalized  with  respect  to  both  the  Pt  loading 
and  the  surface  area  since  methanol  adsorption  and  dehydrogena¬ 
tion  occur  only  at  Pt  sites  at  room  temperature  [38-40].  The  EAS  of 


Table  3 

Electrocatalytic  characteristics  of  Pt/C  catalysts  prepared  with  lOx  CMC  of  mixed 
binary  surfactants  and  of  a  commercial  catalyst  (E-TEK) 


Sample 

Mass  activity3  (mAmg^1 ) 

Area  activity3  (mAcmpt2) 

EASb  (m2g_1) 

Pt/C(B  +  T) 

313.3 

0.732 

42.8 

Pt/C(B  +  S) 

219.0 

0.615 

35.6 

Pt/C(T  +  S) 

171.4 

0.579 

29.6 

Pt/C(  E-TEK) 

264.6 

0.711 

37.2 

a  The  activity  data  were  taken  from  the  CVs  shown  in  Fig.  8. 
b  The  EAS  data  were  taken  from  the  CVs  shown  in  Fig.  7. 
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Fig.  8.  (a)  Mass  and  (b)  area  normalized  cyclic  voltammograms  for  methanol  oxida¬ 
tion  by  Pt/C  catalysts  prepared  with  10  x  CMC  of  mixed  binary  surfactants  and  by  a 
commercial  catalyst  (E-TEK)  in  2  mol  L_1  CH3OH  +  0.5  mol  L_1  H2S04  at  40 °C  (scan 
rate  =  20  mV  s_1 ). 

Pt  metal  is  calculated  from  the  desorption  of  hydrogen  using  Eq.  (2). 
The  mass-  and  area-normalized  current  densities  are  given  in  Fig.  8. 
The  current  density  is  generally  normalized  by  the  metal  loading 
(mAmg”1 )  to  compare  the  activity  of  different  catalysts  in  terms  of 
economic  efficiency.  The  Pt/C  catalyst  prepared  with  10  x  CMC  of 
B  +  T  gives  the  highest  activity  in  terms  of  mass-current  density  for 
methanol  oxidation.  Even  though  the  mass-current  density  rep¬ 
resents  the  economic  efficiency  of  a  catalyst,  it  does  not  take  into 
account  the  surface  area  of  active  metal  sites.  Consequently,  the 
area-normalized  current  density  is  required  to  represent  the  intrin¬ 
sic  activity  of  active  sites  on  an  electrocatalyst.  Area-normalized 
current  densities  for  methanol  oxidation  on  Pt/C  catalysts  are  pre¬ 
sented  in  Fig.  8b.  Catalyst  performance  is  ranked  in  the  same  order 
for  mass-  and  area-normalized  current  densities.  The  onset  poten¬ 
tial  for  methanol  oxidation  is  ~0.55V  (vs.  RHE)  on  all  the  Pt/C 
catalysts.  Although  the  catalyst  prepared  with  B  +  T  exhibits  the 
highest  activity  than  there  is  difference  in  the  mass-normalized 
and  the  area-normalized  current  densities  that  is  actually  due  to 
a  difference  in  metal  dispersion.  The  electrocatalytic  activities  for 
methanol  oxidation  are  summarized  in  Table  3. 

Chronoamperograms  of  Pt/C  catalysts  prepared  with  mixed 
binary  surfactants  in  2molL_1  CH3OH  and  0.5molL_1  H2S04 
purged  with  nitrogen  at  40  °C  at  0.55  V  (vs.  NHE)  are  presented  in 
Fig.  9.  The  results  reveal  higher  performance  for  the  Pt/C  catalyst 
prepared  with  B  +  T  than  for  the  other  catalysts.  The  oxidation  cur¬ 
rent  density  of  a  commercial  catalyst  (E-TEK)  experiences  a  rapid 
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Fig.  9.  Chronoamperograms  of  Pt/C  catalysts  prepared  with  10  x  CMC  of  mixed 
binary  surfactants  and  a  commercial  Pt/C  (E-TEK)  at  0.55  V  (vs.  SHE)  in  2molL_1 
CH3OH  +  0.5  mol  L-1  H2SO4  at  40  °C  (scan  rate  =  20  mV s_1 ). 

decrease  with  time  even  though  the  initial  current  density  is  better. 
On  the  other  hand,  the  Pt/C  catalyst  prepared  with  B  +  T  shows  an 
initial  current  drop  in  the  first  500  s,  followed  by  a  slower  decay. 
This  significant  improvement  in  catalyst  performance  is  attributed 
to  better  Pt  utilization  by  the  well-dispersed  catalyst  nanoparticles 
on  the  carbon  support.  The  chronoamperometric  results  agree  well 
with  the  trends  for  methanol  oxidation. 

4.  Conclusions 

Highly  dispersed  Pt  nanoparticles  have  been  successfully  pre¬ 
pared  via  a  colloidal  method  using  Vulcan  XC-72R  as  a  support. 
Studies  with  TEM  and  XRD  reveal  that  well-dispersed  Pt  nanoparti¬ 
cles  on  carbon  prepared  with  mixed  binary  surfactants  at  10  x  CMC 
are  approximately  2-3  nm  in  diameter  and  are  almost  single  crys¬ 
talline.  This  catalyst  also  gives  the  best  catalytic  activity  and  highest 
EAS  compared  with  other  catalysts,  which  include  a  commercial 
catalyst  (E-TEK).  The  improvement  in  catalytic  activity  is  attributed 
to  the  narrow  size-distribution  of  Pt  nanoparticles  and  their  good 
dispersion  on  the  carbon  support.  This  study  demonstrates  that 
colloidal  methods  using  surfactants  represent  a  promising  route  to 
the  realization  of  highly  active  electrocatalysts  for  low-temperature 
fuel  cells. 
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